Abstract-Field Weakening (FW) technique controls the machine where it requires high torque at low speed and low torque at high speed. It is desirable to retain maximum torque capability in the FW region for many applications at high speed. In order to produce maximum torque that machine could possibly develop at FW region, the maximum inverter voltage and current must be appropriately utilized. This paper investigates the effect of leakage inductance in developing the torque of sensorless Field Oriented Controlled (FOC) induction machine in FW region. A drive system with Model Reference Adaptive System (MRAS) scheme based on Sliding Mode (SM) technique to estimate the rotor speed in the FW region using Space Vector Modulated (SVM) inverter is modeled. The drive system is simulated by MATLAB/Simulink and the speed-torque characteristics for various leakage inductances are compared with that of a machine with sensor.
I. INTRODUCTION
AXIMUM torque capability in the FW region is a desired property of FOC induction machine in applications such as washing machine, spindle drives and gearless traction drives that require the achievement of wide speed range which extends up to several times of the rated speed. In sensorless control schemes, the motor is controlled without measuring its speed, making the drive system less expensive and unaffected by sensor failures. The estimation of the rotor flux and speed is an exigent task due to the high-order multiple variables, nonlinearity of induction motor dynamics and couplings of the system with the fact that some parameters can vary in a wide range [1] - [3] . Thus control and observation methodologies with strong robustness properties are required in sensorless control [4] . Model based methods, which seems to be a more practical approach, can be segregated into open loop estimators and closed loop Nisha observers, where closed loop observers are less susceptible to parameter variations than open loop estimators, but they are much more computationally rigorous. The two major classes of observers are deterministic observers such as MRAS, full or reduced-order adaptive observer, Luenberger observer, and stochastic observers such as extended Kalman filter theory [5] - [7] . MRAS based on rotor flux technique first proposed in [8] is the most popular scheme and researchers are focusing to improve the performance of this technique due to their relative simplicity and less computational effort [9] , [10] . An attractive choice to purge on large computational time can be with the use of sliding-mode observers, which may ground fast response, insensitivity to parameter variations and robustness against external disturbance and simple implementation [11] , [12] .
During the past decade, several research papers were published to achieve the maximum torque production of the machine in the FW region [13] - [15] . In most of the approaches, maximum available inverter voltage is utilized to produce maximum torque in FW region when the excitation level is adjusted by closed loop control of the machine voltage. Field weakening has to be done without violating either current limit or voltage limit in such a manner that accelerating torque follows maximum torque trajectory. The variable level of the main flux saturation in the machine causes the variation of magnetic inductance [16] . Therefore, in model based approach, accurate speed estimation is possible only if the speed estimation algorithm is modified to account the variation of magnetic inductance in the FW region. In the literature, modeling of magnetizing inductance of induction machine has been discussed extensively in [17] . Majority of the study has been devoted to improve torque capability with the available inverter voltage and less attention has been given to alternative approaches.
In this paper, a sensorless control scheme is developed based on FOC scheme and SM technique, to improve the torque capability in FW region by varying leakage inductance of the machine. The model is operated in FW region and the performance of the model is evaluated and compared with that of induction machine with sensor. In both, sensor and sensorless scheme, SVM fed inverter is used instead of conventional sin pulse width modulation inverter and the simulation results are generated by using MATLAB/Simulink.
II. MATHEMATICAL MODEL OF SENSORLESS FOC SCHEME IN FW REGION
FOC offers a number of benefits including speed control over a wide range, precise speed regulation, fast dynamic response and operation above base speed [18] . In this control scheme, a complex current is synthesized from two quadrature components, one of which is responsible for the flux level in the motor and the other controls the torque production in the motor [19] . Fig. 1 shows the stator current space vector in rotating reference frame. The reference frame d-q is rotating with the angular speed equal to rotor flux vector angular speed, ω e . Using the space vector method the induction motor model is written as:
where,
The complete set of motor equation is given by: The electromagnetic torque is expressed by:
The machine dynamic voltages in matrix form is represented as, ( Although several schemes are available for sensorless FOC, the model reference adaptive system is the popular method because of its simplicity. The adaptive scheme for the MRAS estimator is designed based on Popov's criteria for hyper stability concept [20] . MRAS estimators are usually observing mechanical speed with the two independent machine models, one of which is speed dependent. The difference between estimator outputs of magnetic flux is used for speed error reduction. Basic scheme of modified MRAS-SM speed estimator for FW is shown in Fig. 2 . [ ]
The speed estimation is affected by noise and error, which causes a lagging in estimate of the speed and when this inaccurate estimate is fed back to the observer, the flux estimation accuracy deteriorates.
Sliding mode control is a control strategy in Variable Structure System (VSS) where the infnite feedback gain chosen generates the high frequency chattering and the discontinuous control input result in torque chattering and instigate mechanical resonance [21] . In SMC a control law is designed so as to bring the system trajectory on a predefined surface, where the switching surface satisfies the condition of having positive attraction, called the sliding surface.
The surface s(x) = 0 contains only endpoints and these points constitute a special trajectory representing motion called sliding mode. The resultant motion on the sliding surface shows that the point slides towards the equilibrium point [22] . The sliding mode control should be chosen such that the candidate Lyapunov function, V which is a scalar function of S and its derivative satisfies the Lyapunov stability criteria,
The switching vector u sw (t) for the stability condition should satisfy the equation given below and once the equivalent control input u eq (t) is known, sliding mode dynamics with the control vector u(t) can be written as:
The time varying sliding surface S(x) with reference to dynamic model of induction machine and the speed tuning signal is constructed. When the system reaches the sliding surface, the error dynamics at the sliding surface will be forced to exponentially decay to zero. Thus,
Ke dt
.
This can be attained when:
The drastic change of input is avoided by introducing a boundary layer with width, φ . By replacing sign(s) with
A natural solution to reduce the chattering in the estimated speed is by means of a low-pass filter (LPF) as in (17) .
Maximum mechanical speed adjusted by the induction machine is limited by DC link voltage and PWM inverter strategy and the maximum current to an induction machine is decided by the thermal limit of the inverter or the machine itself. Field weakening is used to allow operation of variable speed induction motor drives at high speeds where the rotor flux is getting reduced to below its rated value due to the increase of rotor speed than the base speed. In field-weakening control the d-and q-axis voltage references are used and the maximum phase voltage, V sm , is decided by the DC link voltage, V DC , of the SVM inverter, in which V sm is obtained in the linear control range as V DC /√3 for space vector modulation [23] . The reference current, I sm , should satisfy (18) regardless of the reference frame. 
The induction machine can generate the maximum torque at the field weakening region under a given voltage limit, V sm , should satisfy the equation as:
In FW region the voltage limit ellipse can be obtained by neglecting current variations in the stator voltage equations and the voltage drop due to the stator resistance as:
In constant torque region stator flux magnitude is constant and the rotor speed is less than the rated speed. The base speed, where the constant torque region ends is deduced as:
As the speed increases output power increases, when the applied voltage is at the maximum value, output power starts to decreases, the rate of decrease of developed power is related to drive parameters. Constant power region begins at base speed and ends at the speed where current limit is unattainable due to the voltage limit and the maximum torque is inverse proportion to mechanical speed. To achieve speed higher than base speed flux weakening algorithm has to be applied. The speed, where this region ends is deduced as:
Constant slip frequency region extends beyond the first region with the voltage limit superseding the current limit and making a reduction in current and the maximum torque is equal to critical torque, so is inverse proportion to square of the mechanical speed. The intersection of the ellipse and the circle is shown in Fig. 3 . Fig. 3 Voltage constraint ellipse, current constraint circle and torque locus
III. SVM INVERTER
Space vector modulation is a sophisticated PWM method that provides advantages such as higher DC bus voltage utilization and lower total harmonic distortion [24] - [26] . In SVM, three phase stationary reference frame voltages for each inverter switching state are mapped to the complex two phase orthogonal α-β plane. The mathematical transform for converting the stationary three phase parameters to the orthogonal plane is known as the Clarke's transformation. The A typical seven segment switching sequence for generating reference vector in sector three is shown in Fig.4 . Fig.4 Switching logic signals
IV. SIMULATION
The Simulink/MATLAB simulation models for FOC induction machine with and without sensors using SVM inverters are developed in [27] . Simulation model for sensorless induction machine using MRAS-Sliding mode observer to estimate the rotor speed is developed in [28] . The above model is extended from base speed region to FW region in [29] - [31] . The simulation models for FOC induction machine with and without sensors are developed based on the block diagrams as shown in Figs. 5 and 6. The induction machine used for the simulation is a 1.5 kW having the motor parameters as given in Table I . For comparing the performance of the developed drive systems, simulation is carried out for both models, sensorless and with sensor as Case-1 and Case-2 respectively. In the simulation, the motor starts from a standstill state to a reference speed of 5500 rpm in no load condition. Figs. 7 (a) , 7 (b) show the rotor speed response with time for leakage inductances ranging from 0.25 p.u to 1.5 p.u. for Case-1 and Case-2 respectively. The results show MRAS-SM observer estimates the rotor speed well and close to that of with sensors for low values of leakage inductance and speed performance deteriorates when leakage inductance increases in case-1. The maximum attainable rotor speed is increased from 3500 rpm to 4600 rpm by decreasing the leakage inductance from 1.0 p.u. to 0.5 p.u. in sensorless case. In Case-2, a slight improvement in rotor speed by decreasing the leakage inductance. Table II shows the speed and torque response for leakage inductances ranging from 0.5 p.u to 1.5 p.u. for Case-1 and Case-2 respectively. When leakage inductance decreases from rated value, torque capability is improved in the FW region as demonstrated in Table III. (a) case -1 (sensorless) (b) case -2 (with sensor) Fig. 8 Torque vs. time The variation of rotor magnetizing current (p.u.) with respect to rotor speed (p.u.). is shown in Figs. 11 (a) (a) case -1 (sensorless) (b) case -2 (with sensor) Fig. 11 imr vs. Rotor speed By observing the simulation results, it ensures that improvement of torque capability of sensorless induction machine in FW region is possible by decreasing the leakage inductance from 1.0 p.u. to 0.25 p.u. Maximum torque at FW region is obtained when the rated value of leakage inductance is reduced to 50%. A further reduction in leakage inductance does not improve the torque as well as the power. The actual values of magnetizing current is independent of variation in leakage inductance, which shows that torque capability is improved only because of the drop in leakage inductance.
V. CONCLUSION
In this paper, MATLAB/Simulink simulation models for field oriented controlled induction machine with and without sensors are developed for FW region. SVM fed inverters are used to operate the models for comparing the performance of the FOC drives.
The maximum rotor speed and torque capability of sensorless FOC induction machine in FW region is improved to that of induction machine with sensor by decreasing the leakage inductance of the machine from rated value. Maximum rotor speed and torque at FW region is obtained when the rated value of leakage inductance is reduced to 50% of the rated value and a further reduction does not improve the torque as well as the rotor speed. The performance of the sensorless FOC induction machine in FW region is very much close to that of induction machine with sensor by dropping the leakage inductance to 50% of the rated value. The variation of leakage inductance has less effect on the magnetizing current of a sensorless induction machine than a sensor type machine. The leakage inductance is a sensitive parameter in the performance of a sensorless FOC induction machine in FW region in the sense that a slight increase in its value will sharply deteriorates the machine performance.
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